concerning the rotational mechanism of F 1 -ATPase. Howrecent structure that has resolved most of the ␥, ␦, and ⑀ subunits [15] . The simulations correspond to a single ever, a direct study of the transition at an atomic level of detail is essential for determining the dynamics of the 120Њ rotation step in the direction of ATP synthesis, with the ␥ subunit rotating in a clockwise direction, as viewed structural changes and the relative order in which they occur. The analysis reported here, which is based prifrom the bottom of Figure 1A . The ␣ and ␤ subunits do not rotate but undergo conformational changes based marily on simulations with the targeted molecular dynamics (TMD) method [13] , is an important step toward on the endstates inferred from the X-ray structure of Abrahams et al. [4] . As described in Experimental Procethis goal. We supplement the TMD results with those based on the biased molecular dynamics (BMD) method dures, the TMD simulation applies constraints to the entire system to find a low energy pathway connecting [14] . The structural model we use for the simulation was obtained (see Experimental Procedures) by combining the two endstates. By constrast, in the BMD simulation (see Experimental Procedures), a biasing force is apthe original X-ray structure of F 1 -ATPase [4] with a more plied only to the ␥ subunit to determine directly the N-terminal domains of the six subunits form a ring with roughly 6-fold symmetry that is believed to play a major response of the ␣ and ␤ subunits to the rotation of the ␥ subunit; it provides some important supplementary role in the stability of the ␣ 3 ␤ 3 complex and undergoes small changes during the transition. The conformations results, as described below, but it does not yield the full transition path obtained with the TMD method over of the central domains and the C-terminal domains of ␤ TP and ␤ DP , which have AMP-PNP and ADP bound, rethe nanosecond timescale of the trajectory.
The trajectory has the spatial and temporal resolution spectively, are very similar to each other (for notation, see Figure 1B and its legend). The empty ␤ E subunit has necessary to reveal the structural and energetic origins of the conformational changes that occur during the a very different conformation, although the overall fold is similar to that of the other subunits. The nucleotide 120Њ rotation step. Specifically, the results demonstrate how the rotation of the ␥ subunit induces the major binding site in the central domain of ␤ E is open, when compared with ␤ TP , due to a conformational change. It changes observed in the structure of the ␤ subunits. The lower part of the ␥ subunit, including the ␣␤ domain, involves the separation of the C-terminal portions of ␤ strands 7 and 3, movement (and increased disorder) of which protrudes from the ␣ 3 ␤ 3 complex (it is referred to as the "␥ protrusion" below), is shown to play an essenthe loop containing Phe418 and Phe424, and a global increase in the distance between the ␣ and ␤ subunits tial role in the dynamics of the transition. Some ␣ subunit motions occur during the transition, although all three in the vicinity of the binding site, as described and illustrated in Abrahams et al. [4] ; we focus here on the sepaare very similar in the X-ray structure. Certain side chain interactions, such as those involving the ionic track of ration of ␤ strands 7 and 3 as a marker for the nucleotide binding site opening in what follows (see Figure 1C ). In the ␥ subunit, are shown to be important in guiding the transition. The closing motion of the ␤ E subunit, with ␤ E , there is also a displacement of helix B of the central domain and a large downward rotation of the C-terminal ADP bound, involves primarily electrostatic interactions, while the outward movement of the ␤ TP subunit, with no domain when compared with the corresponding domains of ␤ TP and ␤ DP . The three ␣ subunits, which bind ligand, is due primarily to steric interactions with the ␥ subunit. Main chain polar interactions of the DELSEED AMP-PNP, have a closed nucleotide binding site and N-terminal and central domains that are very similar to motif supplement those from the negatively charged side chains and explain the fact that mutation of the those of ␤ TP and ␤ DP . However, the C-terminal domains of the ␣ subunits are significantly different from those latter does not inactivate the rotational mechanism. A more detailed description of the motion in the hinge of ␤ TP and ␤ DP ( Figure 1D) ; this is found to be important in the rotational motion. The ␥ subunit is positioned such region than that inferred from the X-ray structure is obtained. The molecular dynamics trajectory reported here that its "bulge," formed by the N-terminal helix above the protrusion, faces the C-terminal domain of the empty provides a unified description of the subunit motions of F 1 -ATPase in the 120Њ rotation cycle that forms the basis ␤ E subunit and its "groove," formed by the other side of the N-terminal and C-terminal coiled-coil helices, faces for its function.
the C-terminal domains of the ␤ DP and ␤ TP subunits (Figure 1B) . Figure 2) , the ␥ bulge of the N-terminal helix is oriented directly toward ␤ E ; distortion of the coiled coil reflects the energetic barriers that must be overcome in inducing the conformation after the 120Њ rotation, the ␥ bulge is oriented toward ␤ subunit nucleotide binding sites, in accord with the endstate (i.e., that which occurs after the 120Њ rotation), [17] , that mutating two hinge residues, Gly178 and Gly179, to Ala had only a small effect on the hydrolysis the contributions of the ligands to the conformation change are included implicitly, i.e., the empty ␤ TP -site reaction, indicates the complexity of the motion. Only when His177 was also mutated to Ala was essentially opens, while the ADP-containing ␤ E -site is induced to close. complete inhibition achieved. The latter mutation is not likely to contribute sterically to preventing the conformaPreviously, it has not been possible to infer anything concerning the motions of the ␣ subunits because they tion change. As can be seen from the crystal structure, His177 in the closed state (␤ TP ) forms a strong hydrogen are very similar in the crystal structures (e.g., Abrahams et al. [4] ). They remain in the closed form, in accord with bond with the main chain carbonyl of Tyr180 and a the experimental observation that the ␣ subunits do main chains, the interactions between the subunits that not exchange ATP or its analogs on the timescale of produce these changes arise primarily from the side catalysis [1] . A major reason for the small motion of the chains, although the main chain also contributes. The ␣ subunits is that their tertiary structure is different from large conformation changes of the ␤ E and ␤ TP subunits those of ␤ TP and ␤ DP (see Figure 1D) . Although the N-terduring the rotation cycle are initiated by interactions of minal and much of the central domains of the ␣ and ␤ their hth motifs with the central ␥ subunit, although other subunit are essentially superposable in the X-ray strucparts of the ␤ subunits are also involved. The major ture, the C-terminal domain of the ␣ subunits is oriented contributions come from steric repulsions due to van such that its hth motif is further away from the ␥ subunit der Waals terms and electrostatic attractions between than are the hth motifs of ␤ TP and ␤ DP . This is due, in the side chains and the main chain of certain residues; part, to the fact that helix 1 of the hth motif in the ␣ van der Waals attractions play a smaller role. of the simulation, then with Lys30, and finally with Arg75, which showed that the rotation induced by hydrolysis was only slightly affected when all five charged residues Lys129, and Arg133. The contribution from main chain atoms is consistent with mutation experiments [18] , in the highly conserved DELSEED motif were mutated to alanine, although the catalytic activity was reduced by the ␤ DP subunit make electrostatic contacts with the coiled coil exclusively near the tip of the N-terminal 30%. The role of the electrostatic interactions in closing motion of ␤ E was confirmed by a BMD simulation, in helix (e.g., Thr2 and Lys4). A cyclic swapping sequence, similar to that involving the ionic track on the ␥ protruwhich the ␤ subunits were subjected to no constraints (see Experimental Procedures). It was found in the BMD sion, takes place when the ␥ subunit rotates. The DELSEED region of the ␤ E subunit form new interactions simulations that the ␤ E subunit with ADP bound moves spontaneously into its ␥ groove position, accompanied with the region around Ser 22 of the ␥ subunit as the latter rotates; as a result, the stabilizing interaction enby reformation of the hydrogen bonds between strands 3 and 7 of the ␤ sheet and closing of the binding site. ergy between the two subunits increases substantially in the second half of the rotation. This causes the hth This also indicates that the "intrinsic" timescale of the closing of the ␤ E subunit with bound ADP is in nanosecmotif of the ␤ E subunit to move upward toward the closed conformation. The resulting conformation is furonds, although the motion is expected to occur more slowly during the actual rotation cycle, since it is conther stabilized in the final stage of the ␥ rotation by the interaction between Arg70 of ␤ E and the main chain of trolled by the rotation of the ␥ subunit, which is on a submillisecond timescale. By contrast, the ␤ TP subunit Gly71 of the ␥ subunit. Throughout the rotation, the central domain of the ␤ E subunit interacts strongly with in the BMD simulation was distorted after the 120Њ rotation of the ␥ subunit, as a result of repulsive interactions the ␥ coiled coil by electrostatic terms between Asp315, 316, and 319 in the former and Asn251, Arg254, and with the latter, but it did not reach the crystallographic end structure. Whether this is an artifact of the simGln255 in the latter. The final conformation is further stabilized by the newly formed interaction between the ulation or whether it indicates that slower motions are involved requires further studies. It does make clear, N-terminal helix of the coiled coil (e.g., Thr2, Lys4, Arg9, and the main chains of Leu3) and Asp315, Asp352, and however, the importance of the TMD simulations for determining the complete path between the crystalloGln378 in the central domain of ␤ E . The ␣ subunits also have complementary electrostatic interactions, but they graphic endstates on the timescale accessible to the simulation. appear to be less important than those of the ␤ subunits because of the small motions involved. 
